Abstract-Contactless smart cards are widely used in various applications, such as access control, transit fare payment systems, etc. In order to improve the performance and at the same time to reduce the production costs, research effort on the application of new materials and the development of new processes continues. In this study, the assembly process of contactless smart cards using a film-type non-conductive adhesive (NCA) was investigated and modified taking into account the limited heat resistance of the poly(ethylene terephthalate) substrate used in the tests. Pressure cooker tests were then performed to further evaluate the reliability performance of the adhesive joints in high temperature and high humidity conditions. The assemblies underwent both mechanical and electrical characterizations after the assembly process, as well as during and after the reliability tests. Examination of surface morphologies and cross-sections by scanning electron microscopy and optical microscopy was conducted to establish the failure mechanism.
INTRODUCTION
A contactless smart card, as suggested by its name, eliminates the need to insert the card into a card reader or to apply other forms of contact for operation, thus circumventing the technical problems arising from contact, which is one of the most frequent causes of card failure. Other advantages offered by contactless smart cards include ease of usage, increased efficiency, reduced risk of vandalism, etc. Contactless smart card technology has already found application in access cards and transit fare payment cards since the late 1990s and is now being introduced in other areas such as second generation electronic passports [1] .
Smart card assembly is composed of a radiofrequency (RF) chip connected to an antenna which is carried on a substrate. Flip-chip technology is widely adopted in its manufacture due to the various benefits it offers, including low cost for large-volume production, good performance in high-speed applications, small size, etc. Also, to achieve the cheapest possible end package, RF chips are usually bonded onto a lowcost flexible substrate, such as a poly(ethylene terephthalate) (PET) substrate which has been used for many years. PET film also offers the benefits of good flexibility, good electrical properties, etc. However, its glass transition temperature (T g ) is low, around 80
• C, which needs to be taken into consideration during the follow-up assembly phase as well as the use phase.
Compared to making flip-chip joints by soldering, various forms of adhesive joining offer several advantages, including further reduction in production costs, structural simplicity, high packaging density, etc. Moreover, adhesives can be cured at a lower temperature than that used in a reflow process for conventional solder joints. Hence, adhesive flip-chip joining is more compatible with the abovementioned flexible substrate materials (e.g., PET) in terms of processing conditions.
In this study, contactless smart cards operating at a frequency of 13.56 MHz were used as the test vehicle. RF flip chips were bonded onto PET substrates using a film-type non-conductive adhesive (NCA). NCA interconnection relies on direct electrical contact between chip bumps and substrate metallization [2] . The connection is maintained by the compressive strength of the NCA as the epoxy resin constituting the NCA gets cured and shrinks. This work systematically investigated and modified the entire assembly process with important parameters carefully selected. Pressure-cooker tests were performed to assess the reliability performance of the assembled cards in harsh environments. This paper also reports on the electrical and mechanical characterization of the assemblies as well as their performance after the reliability tests. Fourier transform infra-red spectroscopy and SEM examinations were carried out as a part of the analysis. It is expected that this study will provide usable information to related smart card production and other similar processes such as radiofrequency identification smart label fabrication, etc.
EXPERIMENTAL

Materials
The test vehicles in this study were contactless smart cards operating at 13.56 MHz frequency. The card assembly was composed of an RF flip-chip interconnected with a custom-designed Cu antenna coil which was screen-printed on the PET substrate.
RF flip chip.
The chip was 1.11 mm × 1.06 mm in size. Two Au bumps in the diagonal corners of the chip were attached to the substrate pads during assembly. The dimensions of the bump were 104 × 104 × 18 µm 3 . • C. The elastic modulus of the adhesive was 2.1 GPa, and the thickness of the adhesive layer was 40 µm.
Assembly process
The assembly process of the contactless smart cards was performed with a Karlsuss FCM505 manual flip-chip bonder.
Pre-bonding.
After the correct size piece of NCA film was cut and placed onto the pad position, pre-bonding was performed at 90
• C for 5 s at a bonding pressure of 30 kPa. The covering separator layer was then gently peeled off to bare the NCA.
2.2.2.
Bonding. In this step, important parameters controlling the bond quality were bonding temperature, time and bonding force. From a previous knowledge of this NCA material, the optimal instant bonding in terms of lowest interconnect resistance is achieved when bonding is conducted at 220
• C for 10 s [3] . However, results of several trial tests showed that processing at this temperature caused undesirable warpage of the PET substrate. In order to minimize the thermally-induced damage imposed on the substrate, the bonding temperature was intentionally lowered and set at 140, 160 and 180
• C for further investigation. A temperature below 140
• C was not considered, as it approached the T g of the NCA, which is 135 • C. Although lower bonding temperatures were used, the bonding duration was maintained at 10 s. The reasons not to extend the time were based on efficiency and total process time.
The bonding force was set at 3 N, equivalent to a pressure of 2.55 MPa. Direct contact between chip bumps and substrate pads was established in this step. The partially-cured NCA provided a certain degree of adhesive strength as well as compressive strength to maintain the integrity of the assembly for later processes.
Post-curing.
The reduction in the bonding temperature in the previous step introduced the problem that the adhesive did not obtain sufficient thermal energy to become adequately cured. To compensate for this, the bonded card assemblies were placed in an oven for 3 min with the temperature set at 120
• C. To sum up, the assembly process of these contactless smart cards was composed of pre-bonding, bonding and post-curing stages with the parameter settings in each step listed in Table 1 . All smart cards assembled following this process flow could be successfully sensed by the card reader.
Reliability test
Pressure cooker tests (PCT) at 121
• C, 100% relative humidity and 2 atm pressure for a duration of 96 h were performed to investigate the ability of the assembly to withstand severe temperature and humidity conditions. Twenty-four test cards were assembled and divided equally into three groups according to their applied bonding temperatures at 140, 160 and 180
• C, respectively. The tests were interrupted after 48 h and the samples were taken out among which 9 cards underwent mechanical strength tests while the remaining 15 cards were placed back into the oven after the evaluation of their electrical performance. These 15 cards were then used for further mechanical and electrical characterizations, as well as for failure analysis after being subjected to PCT for another 48 h.
Characterization
Characterization tests were carried out at different stages during the fabrication process and at each read-out point of the PCT. All the tests were performed at room temperature.
Degree of cure.
The degree of cure of the NCA was examined by FT-IR, which measures absorption of different IR frequencies by the sample positioned in the path of an IR beam [4] . For a quantitative analysis, the degree of cure of the adhesive (α) at time t can be calculated from the following equation:
where 
Electrical performance.
The reading distance (RD) was used to characterize the electrical performance of the assembled contactless smart cards. During the test, the smart card was placed horizontally above the reader. The separation between them was then gradually increased and the RD value recorded once the reader failed to sense the card.
Mechanical strength.
Shear tests were performed using a Dage Series 4000 Bondtester. The shearing speed was 100 µm/s and the height of the shearing blade was set at 20 µm above the adhesive layer. The test was used to evaluate the mechanical strength of the assembly and to monitor its deterioration after the assembly was subjected to a reliability test.
Failure analysis.
After the shear test, the fracture surfaces on both the chip and the substrate sides were examined by SEM to establish the fracture mode. Cross-sectional observations by an optical microscope or an SEM were also performed to investigate the microstructure of the interconnection and to further elucidate the failure mechanism.
RESULTS AND DISCUSSION
Degree of cure
For adhesive flip-chip bonding, the degree of cure of the adhesive is an important factor that determines the interconnection quality. Under-cured adhesives produce insufficient cohesive strength, as well as weak adhesion between the adhesive and bonding surface. Either deficiency can lead to reliability problems when such assemblies are exposed to a certain level of environmental stress.
In this study, the degree of cure of the NCA at different stages was calculated based on FT-IR measurements and the test results are plotted in Fig. 1 . Apparently, the adhesives were under-cured before post-curing was performed. Only 10, 20 and 45% of complete curing were achieved for samples prepared at 140, 160 and 180
• C, respectively. This proves that when the bonding temperature was reduced, a full cure was not achieved during the short duration of 10 s. However, after the postcure process, the degree of cure values in all three groups dramatically increased to around 90%, which reveals that the additional provision of thermal energy in this step ensured a complete cure of the adhesive. The NCA was further cured, although only slightly, after being subjected to the pressure cooker test (PCT), according to the test results. The degree of cure reached 95% after 48 h of the PCT, with another 2% increase after the 96 h test was completed.
Shear strength
Shear tests were performed before the post-cure process. By referring to MIL-STD-883F Method 2019.7 regarding die shear strength, the minimum force requirement 1450 g for an assembly with an attachment area of 1.18 mm 2 . However, for the cards assembled at 140, 160 and 180
• C, the average shear loads were only 274, 334 and 635 g, respectively. The corresponding shear strengths were calculated as 2.28, 2.77 and 5.27 MPa, respectively. These weak mechanical strengths are in accord with the low degree of cure of the NCA. Corresponding values of the degree of cure were 10, 20 and 45%, as shown in Fig. 2 . Low degrees of cross-linking were produced at this stage and, hence, polymer chains could move relatively easily. After the post-cure process, a dramatic increase in the shear strength was observed while the degree of cure reached around 90%. This again proves that the degree of cure of NCA is critical to the mechanical strength of the assemblies. The post-cure process is indispensable in this case. However, since the same processing conditions were applied to all the bonded cards, the differences in the shear strengths across various groups became insignificant afterwards. As shown in Fig. 3 , for samples in all three groups shear loads larger than 2600 g were required to shear the chips, which was quite satisfactory. After being subjected to PCT for 48 h, the shear loads decreased slightly to around 2400 g. The trend in this reduction suggested that the high temperature and humid test conditions had a negative impact on the adhesive properties. After a further 48 h of PCT, the average shear load further reduced to between 1600 and 1900 g, and, thus, the effects of moisture and heat became more obvious.
To study the fracture modes, some of the sheared chips were examined by SEM. Figures 4 and 5 show the facture surfaces on the chip side and substrate side, respectively. Here the chip was sheared without being subjected to PCT. On the substrate side, adhesive was found to cover the entire substrate surface (except for some areas on the copper electrodes). By contrast, adhesive remnants left on the chip surface are much fewer. This indicates that adhesion between NCA and PET substrate is stronger than that between NCA and the chip. Also, in these areas with adhesive remnants on both surfaces, fracture occurred within the adhesive bulk which is a cohesive failure. For the remaining parts of the fracture surface, no adhesive remnants were found on the chip surface. Remnants are only left on the substrate, which is considered as a bulk failure of the adhesive. Two conclusions can be drawn from this. Firstly, interfacial failure at the NCA/chip interface is the dominant fracture mode, but in some regions, a cohesive failure mode also exists. Secondly, the adhesion strength between NCA and PET is somewhat comparable to the intrinsic strength of the NCA matrix. A possible reason may be that a strong reaction occurred between the PET and the adhesive at high temperature during the fabrication process. Inter-diffusion of the two materials perhaps resulted in an intimate joint. Figures 6 and 7 show the fracture surfaces of sheared chips after being subjected to PCT for 48 and 96 h, respectively. The amount of adhesive remnants on the chip surface exhibits a diminishing trend. A similar phenomenon was reported in Ref. [5] for an anisotropic conductive adhesive application. This indicates that corrosive attack at the NCA/chip interface occurred and the interfacial adhesion strength was degraded under the environmental conditions in the PCT which resulted in deteriorated shear strength.
Reading distance
The effective reading distance (RD) of contactless smart cards depends on a number of factors, such as the power of the reader, the antenna design of the reader and the antenna of the card. To set a baseline for characterization of the electrical performance of the test cards, several contactless smart cards were fabricated using the conventional wire bond technology and their RD value averaged to about 11.7 mm, which was taken as the reference value [5] .
From the measurement results shown in Fig. 8 , it was found that before the PCT was conducted, all smart cards fabricated at 140 and 160
• C bonding temperature could be sensed by the reader within the range of 11.5 mm on average. Cards fabricated at a bonding temperature of 180
• C had an average RD value of 11.7 mm. All the cards exhibited satisfactory electrical performance at this stage. No signif- icant differences were shown among the test cards in the three groups. After 48 h of PCT, one card in the 160
• C group failed to be recognized by the reader. All the other cards successfully passed the test and the average RD value was maintained at about 11.5 mm for all groups. It was also noticed that the PET substrates by then had become warped and lost most of their flexibility. After 96 h of the test, the PET substrates were found to become seriously warped and were too brittle to be handled. There were 3 additional failures in each group. This brings the cumulative failure number to 10 out of the total 15 cards. For the remaining 5 cards, electrical connection was still maintained and the average RD value was maintained at almost the original level, despite the fact that the cards were practically useless due to the serious damage to the substrate.
To understand the failure mechanism, cross-sections of several failed samples were examined using an optical microscope and an SEM. Specimens were prepared in the diagonal direction of the flip chip to allow a view of both bumps. Figure 9 shows the cross-section of a successfully assembled flip-chip-on-flex. Figure 10 shows a typical open joint failure found after PCT. As can be seen from these micrographs, after being subjected to PCT one bump-pad pair lost contact. SEM micrographs showing the contrast between direct contact and open contact are displayed in Figs 11 and 12 , respectively.
There are several possible factors causing open joint failure. The low heat resistance of the PET substrate is a major one. PET has a glass transition temperature at 80
• C. When the temperature was elevated to 121
• C during the PCT, the flexible PET substrate was attacked by the heat and started to become brittle. The coefficient of thermal expansion (CTE) mismatch between the PET substrate and the Cu electrodes on the PET led to deformation and warpage of the flexible substrate, which induced a certain level of internal stress in the assembly. The CTE mismatch between the silicon chip and the PET substrate also contributed to the stress accumulation. Once this stress exceeded the adhesion strength of the bonding materials, interfacial delamination occurred, leading to a deterioration of the performance and open joint failures as shown.
The adhesive also experienced swelling and thermal expansion during the test. The chip might have slightly lifted up, leading to relaxation of the contact pressure between the chip bumps and the substrate pads [6] . In addition, after being subjected to the test, the adhesive properties and the compressive strength of the NCA were degraded due to the moisture forced into the package under pressure [7] . The accumulated stress inside the assembly, the expansion and swelling of the adhesive, and the reduction in NCA adhesive and compressive strengths combined together might finally cause separation of the joints.
Other factors leading to a deterioration of the performance may include the oxidation of the copper pads since there was no protective coating on them [8] . Damage to the uncoated copper antenna was observed. Water can penetrate into the chip/NCA or substrate/NCA interfaces leading to delamination during the tests [6] . Since during bonding the adhesive may not be completely squeezed out from the pad positions, hygroscopic swelling of the trapped NCA could contribute to separation of the contacts.
To sum up: (1) Smart cards assembled following the process flow discussed in Section 2.2 presented satisfactory electrical performance. (2) The great majority of the test cards functioned properly even after being exposed to the PCT environment for 48 h. (3) Test cards became unreliable after 96 h or at earlier times. By this stage, PET substrates were seriously damaged.
CONCLUSIONS
In this investigation, the assembly process and reliability performance of contactless smart cards fabricated using a nonconductive adhesive were studied in detail. Several conclusions can be drawn from the study.
(1) In the current assembly scheme a major contribution of the bonding step is to establish direct metal contact between chip bumps and substrate pads rather than to completely cure the adhesive. Adequate curing of the adhesive is realized in a post-curing process. (2) Results from reading distance measurements and shear tests prove that contactless smart cards assembled under this process scheme have good electrical and mechanical performance. (3) Contactless smart cards show slightly degraded performance after 48 h, but become unreliable after longer times in pressure cooker tests. Open joints and adhesive detachment were found leading to electrical failures. Shear strengths also degraded due to the corrosive attack at the NCA/chip interface. (4) Both adhesive and compressive strengths of the adhesive degrade in the harsh environment. However, it is believed that in this case the intrinsic properties of the low cost PET material largely limit the performance of the card assemblies in unfriendly environments.
